INTRODUCTION
In 1946, R. Wilson proposed the clinical application of high energy protons and heavier ions generated by the cyclotron in treating the deep sheeted tumor. 1) He mentioned the advantage of Bragg Peak to concentrate the dose on the tumor target in keeping the low dose on normal tissues along the beam path. Pioneering work in particle radiotherapy was commenced by C. Tobias et al. in 1950 's at Lawrence Berkeley Laboratory(LBL) in California, 2) and then the proton radiotherapy has begun in 1957 at the University of Uppsala, 3) Sweden, and in 1961 at Massachusetts General Hospital (MGH), Boston, using the 160 MeV/u Harvard Cyclotron. 4 ) Basic techniques used in particle therapy such as beam shaping of spread-out Bragg peak (SOBP) were developed in these facilities.
Early clinical trials of particle therapy were conducted at accelerators built for physics research. But in 1990 first hospital-based proton facility was commissioned at the Loma Linda University Medical Center (LLUMC) 5) in California, and in 1993 first hospital-based heavy ion facility was constructed at National Institute of Radiological Sciences (NIRS) 6) in Chiba. Now many hospital-based particle therapy facilities are available worldwide. 7) Current used particles for radiotherapy are protons and carbon-ions, even though proton, helium, carbon, and neon were used in clinical application historically.
Differences in physical, biological and clinical characteristics between proton radiotherapy and carbon-ion radiotherapy already have been mentioned in several papers, 8, 9 ) so we will focus on technical innovations of carbon-ion radiotherapy in this paper.
CURRENT FACILITIES
Clinical protocols for carbon-ion radiotherapy have mainly been developed by using the clinical data of more than 4000 patients by the systematic clinical applications at HIMAC (Heavy Ion Medical Accelerator in Chiba) since 1994. 10) Current facilities that service carbon-ion radiotherapy are HIMAC, HIBAC (Hyogo Ion Beam Medical Center in Japan), IMP (Institute of Modern Physics in China), HIT (Heidelberg Ion Therapy Center in Germany). The HIT facility was constructed based on clinical experiences of 424 patients in the pilot project at the GSI (Gesellschaft fur Schwerionenforschung) since 1997, 12) and the clinical trial at HIT was started November, 2009.
In Japan, Gunma University has constructed a new facility for carbon-ion radiotherapy (GHMC; Gunma University Heavy Ion Medical Center) and just starts a clinical trial from the spring, 2010. In Europe, CNAO (Centro Nazionale di Adroterapia Oncologica in Italy), Marburg University (in Germany), NRock (North European Radiooncological Center Kiel in Germany) are constructing new facilities for heavy-ion radiotherapy, and will start the clinical use within one or two years.
These facilities in operation or under construction may be categorized by two different types of beam shaping methods. The passive beam shaping method mainly is adopted in Japan (HIMAC, HIBAC, and GHMC). Basic techniques of passive beam shaping originated from heavy-ion beam radiotherapy performed in LBL, and improved and systematized for routine clinical use at HIMAC.
11) The other method is active beam shaping that also known as beam scanning adopted in Germany (HIT). The active beam shaping technique with dynamic carbon-beam energy variation was developed for carbon radiotherapy at GSI. 12) In proton-beam radiotherapy, some facilities have already adopted scanning-beam method without dynamic energy scanning. It may be noted that the idea of beam scanning in particle therapy was first developed for electrons and later on proposed by NIRS in Japan for protons (Kanai et al. 1980) . 13) Additionally it should be noted that already in Berkeley and Uppsala a 2D beam-scanning system without active energy variation was developed and used for a single patient (Renner et al., 1989) .
TREATMENT SYSTEM
Treatment system consists of four sub-systems as follow, (a) Treatment planning system (b) Patient positioning system (c) Beam delivery system (d) Accelerator system The treatment planning is the process to optimize the design of radiation field according to the clinical target volume (CTV) that is delineated on CT images by the radiation oncologist. Parameters such as aperture, range compensator, SOBP range and dose for each treatment field are designed under the utilizable conditions at each facility.
In the treatment room, the patient is set up on the treatment couch with immobilization devices, and the target location is fine adjusted to the beam iso-center referencing anatomical structures. The patient is not a rigged body, so that the patient positioning must be handled carefully to achieve a precise irradiation. This process usually takes more than ten minutes at each fractionated irradiation.
The beam delivery system modulates the threedimensional dose distribution to conform to the target volume of each radiation field and monitors the radiation dose. This system is controlled according to the treatment plan.
The accelerator system delivers the beam that fulfills the clinical requirements for a desired treatment. The requirements depend on the clinical application and the beam delivery method. The accelerator system is a large complex system consisting of many components. The system must deliver a stable and reproducible beam for the duration of the treatment schedule. If the system halts by some troubles, the interruption of the treatment schedule of the fractionated irradiation could affect the clinical result.
In addition, increasing the number of patients increases the importance of the treatment management system (TMS). The TMS also plays a role in the management of the treatment records of each patient and of the optimization for treatment schedule in close relation to the hospital information system. These managements are the key for safe clinical operation with limited staff and time.
BEAM SHAPING SYSTEM
Beam delivery system consists of beam shaping and beam monitoring. The beam monitoring includes the dose or intensity monitor and the beam position monitor. There are some types of beam monitors with different characteristics such as the dynamic range, the response time and the spatial resolution. The types of beam monitors and their arrangement in the bema delivery system are strongly related with the beam shaping method, and plural monitors are used for patient treatment. Here we focus the topics on beam shaping.
The charged-particle beams extracted from the accelerator system are usually transported in a well-focused fashion toward the treatment area. Then the shape of the pencil beam is modulated so that the three-dimensional dose distribution conforms to the target volume. The beam modulation for a three-dimensional irradiation consists of three components; (a) Formation of the lateral radiation field edge to the target outline, (b) Modulation of the mono-energetic beam to the target thickness range along the beam path (Spread-out of Bragg peak; SOBP), (c) Adjustment of the beam range to the distal target depth. To realize these components, beam shaping may be categorized by two principle methods. One is passive beam shaping, another is active beam shaping. The layer stacking method is one of the dynamic control methods of the radiation field, combining the passive and active methods. These relations and techniques are shown in Table 1 . The passive shaping method produces a quasi static beam field incident on the patient body. In contrast, the active shaping method dynamically controls the position of pencil beam to make the prescribed dose distribution inside the patient body.
14)
Passive beam shaping method 11, 15) Transverse beam shaping Passive beam shaping is commonly used in proton and carbon ion radiotherapy and is a well established technique. The two dimensional cross field lateral shape perpendicular to the beam path is formed by two processes. At first the pencil beam is spread out laterally to cover the maximum periphery of the target in keeping a quasi uniform dose distribution within the field. This broad beam is achieved either by the wobbling or double scattering foil method. Figure 1 gives the schematics of the wobbling method. The pencil beam takes a circular track around the central beam axis by a pair of wobbler or scanning magnets, and then the beam diverges further transversely by the scatterer. When the amplitude of a pair of wobbler magnets and the thickness of scatterers are appropriately selected, the beam produces a uniform dose distribution at the isocenter.
In the double scattering method, with or without an occluding ring placed between a first scatterer and the second shaped scatterer, the convolution of the beam in the first and second scatterer can produce a large flat-dose area at the isocenter. The advantage of the wobbling method compared to the double scattering method is that it is little sensitive to the fluctuation of the position of the incident beam and that it minimizes the material in the beam path.
Then the broad beam is shaped by the multi-leaf collimator (MLC) or the patient-specific collimator to adapt the radiation field to each patient. Though the basic movement mechanism of MLC is almost the same as a MLC for photon radiotherapy, the width of each leaf in the beam direction may be thicker in particle radiotherapy to shielding the high energy particle beam. Figure 2 is MLC installed on the beam port at the new facility of GHMC. This MLC consists of 40 pairs of 3.75 mm thick iron plates with 0.15 mm spacing. Maximum field size 150 mm square and the accuracy of leaf position is ± 0.5 mm for 400 MeV/u carbon ions.
When finer collimators are required to form more precious fields such as small target or complicated shapes, the patient-specific brass collimator are manufactured (Fig. 3) . It takes about half an hour to cut out the brass collimator with the accuracy of ± 0.2 mm. At HIMAC, 1000 patientspecific collimators were produced for about 700 patients during the year 2009. The size of the lateral penumbra (P 80-20 ), which is defined as a distance from the 80% in dose level to that of the 20%, is around 2-3 mm for the variosu SOBP under clinical conditions.
16)

Longitudinal beam modulation
The width of the Bragg peak extracted from the accelerator system is too narrows for most clinical target volumes. The residual range is therefore modulated in order to cover the extent of the target thickness with Bragg peak dose. In addition, the spread out of Bragg peak (SOBP) must generally be designed to make a quasi uniform biologically effective dose distribution within the target volume. Though the value of the RBE (relative biological effectiveness) varies with the LET (linear energy transfer), the RBE is not a simple function of LET. The SOBP is composed of various LET components with different weighting factors at each depth. The cell survival rate with mixed LET radiation fields may be described by a formalism proposed in the theory of dual radiation action on the basis of the LQ model. 17) SOBP can be accomplished in two ways. One is to use the ridge filter (Fig. 4) , another is to use the rotary range modulator. When each mono-energetic charged particle penetrates through a different thickness of the ridge filter, the charged particle loses energy in proportion to the thickness. Since the cross-sectional shape for the ridges determines the change in thickness, the ridge filter enables to deliver a uniform biologically effective dose to the target region.
The residual range of incident beam should be adjusted to be equal to the distance from skin to distal target volume. Here the distance is usually represented as the water equivalent path length (WEL) dependent on the physical density and elemental compositions along the beam path.
18) The WEL inside the patient body with inhomogeneous tissues is calculated from the CT numbers during treatment planning. The way to adjust the beam range consist of two processes. At first the residual range of the whole beam is adjusted to the maximum depth of the target by the range shifter. A typical range shifter is a binary filter that consists of several plastic plates. The thicknesses of the series of plates double with each successive plate. Total thickness is variable in combination with each plate. By placing plastic plates in the beam path, the residual range of whole beam is variable. The step width of variation is equal to the last plastic plate thickness.
At second, a patient-specific range compensating filter is used to conform the distal end of the SOBP to that of the target at each patient. The patient-specific compensating filter is necessary for passive beam shaping in carbon-ion radiotherapy. As the distal shape of the target is different in the radiation direction, usually three or four compensators are applied for each patient. The compensating filter is made of a plastic such as a polyethylene. Three dimensional contours are cut on a numerically controlled milling machine (Fig. 5 ). This manufacturing process is time-consuming and the machining time depends on the contour size for milling. It takes about two to three hours for compensator with 120 mm cutting depth. At HIMAC, 2600 compensators were produced for about 700 patients during the year 2009.
Finally three-dimensional beam shaping conformed target volume is achieved in combination with patient-specific collimator (or MLC) and patient-specific compensator (Fig. 6 ).
An alternative method to make the compensator is to stack a number of plastic plates. Recently a new device that cuts and stacks plastic plates automatically has been developed in HIMAC. Figure 7 shows a schematic view of the machining process and an assembled multi-layer range compensator. Each plastic plate with 3 mm thickness is cut by punching. The punch position is controlled with accuracy of less than ± 0.5 mm. It takes about 20 seconds for cutting a plate. Then each plate is stacked on the packing plate. These processes are performed automatically. It takes about 40 to 50 minutes for manufacturing a set of compensators, and the machining time is almost independent of the compensator size. The shaping accuracy with this method is the same as that of conventional method. 19, 20) The layer stacking method is one of the dynamic control methods of irradiating fileds. In the passive beam shaping method described in the previous section, the width of the SOBP is adapted to the maximum thickness of the target. But the target thickness along the beam path is not constant. Therefore undesirable dose is given to normal tissue adjacent to the target. In order to reduce such unwanted dose, the layer stacking method was proposed in 1983 for proton therapy and was first used for carbon-ion radiotherapy in 2005 at HIMAC. In this method, a thin layer irradiation field with a mini SOBP (about 10 mm) is longitudinally swept step by step with changing thickness of a range shifter from the distal end of the target volume to the shallowest end. The mini SOBP is produced with a thin ridge filter. 21) At each step, the radiation field shaped by the MLC changes to conform the contour of the target at each slice. Once the described dose is delivered to the slice volume, beam extrac- tion is quickly cut off and the MLC and the range shifter are set to the next slice, and this sequence is repeated to the last slice. To accomplish the irradiation in clinically acceptable time, quick responses of the MLC motion, of the range shifter motion and of the beam on/off are essential.
Layer-stacking irradiation method
At this time, the clinical facility using the layer-stacking irradiation method is used only at HIMAC. Figure 8 shows an example of dose distributions of tissues during treatment planning. The left one is of tissues by the ordinary passive shaping method, and the right one by the layer-stacking method. The dose to the normal tissue proximal to the target is remarkably reduced by the layer-stacking method. Among the merits of this method are not only the improved dose distributions, but also that they are achieved with the same devices as the passive beam shaping.
Active beam shaping method
Another way of beam delivery is called the active beam shaping method or the pencil beam scanning method. In this method, the target volume is painted with the pencil beam. The dose painting consists of a lateral and a longitudinal paint. The target volume is decomposed into thin longitudinal layers, that are irradiated layer by layer. Each layer is at a fixed depth from the body surface and is irradiated by a two-dimensional transverse field. By controlling the threedimensional position of the Bragg peak and its intensity, a SOBP fitted to the target shape is constructed inside the patient body.
There are two types of scanning, spot scanning and raster scanning (Table. 1 ). The spot scanning method is clinically used in proton radiotherapy, the clinical experience with raster scanning in carbon ion radiotherapy was at GSI and HIT. At HIMAC, a new treatment building is constructed for use with the raster scanning method, 22) and the clinical trial will start next year.
Transverse beam shaping
The position of the beam spot on the lateral radiation field is controlled by a pair of scanning dipole magnets. The position and the dose must be managed safely.
(a) Spot scanning method At each layer of the radiation field, the beam is delivered as a series of discrete spots. The beam is switched off after delivery of each spot, once a predefined number of particles have been delivered. Then currents of the scanning magnets are set to the next beam position. After the beam is switched on, this sequence is repeated for a series of discrete spots. The switching speed and precision of beam extraction from accelerator are crucial, and it is generally difficult to form a fine dose distribution with a large number of spots within a short period of time. From the point of view of dose management, the spot scanning methods is similar to the step and shoot IMRT (Intensity modulated radiotherapy) delivery method in photon radiotherapy.
The spot scanning system has been realized clinically for proton therapy at a few facilities. One of the leading facilities using scanning proton beam is PSI (Paul Scherrer Institute, in Switzerland). 23) They used the IMPT (Intensity modulated proton radiotherapy) to concentrate the dose on the target volume. 24) Spot scanning of carbon-ion beam was performed experimentally for application on radio-active beams at HIMAC. 25) (b) Raster scanning method Though this method is a variation of the spot scanning method, where the pencil beam is extracted continuously between scan points, the beam is moved with a high velocity while the number of delivered particles is monitored at a series of predefined discrete scan points. The raster scanning method is similar to dynamic IMRT delivery in photon radiotherapy.
In the raster scanning, the extra dose delivered in transitions between spots should be taken into account during treatment planning or treatment optimization.
26)
Longitudinal beam control
One of the ways to make longitudinal beam modulation for active beam shaping is to use the range shifter with fixed beam energy. This method is the same as that mentioned with the layer-staking irradiation method. The distal end of the pencil beam is variable with changing thickness of a range shifter at each layer. Another way is to change the beam energy from the synchrotron. The parameter set of all relevant beam line elements (magnet currents, RFQ etc) on the accelerator is previously prepared at each beam-energy. The beam is switched off, once the prescribed number of particles is delivered at each layer. Then the beam energy of the synchrotron is shifted to the next step by setting the appropriate parameters. After the beam is switched on, this sequence is repeated along a series of discrete layer.
14)
The variable energy method in combination with raster scanning was clinically realized at GSI, and the systematized 
DISCUSSION
There is currently an increasing interest in heavy-ion radiotherapy, especially in Europe and Asia. Now several hospital-based facilities for carbon-ion radiotherapy are proposed and built though the initial cost is very high. One motivation to implement heavy-ion therapy is the clinical results with over 4000 patients at HIMAC.
In the last several years, one of the questions has been the advantages and disadvantages of passive beam shaping and active beam shaping. HIMAC has employed the passive beam shaping method with wobbler, patient specific compensators and MLC use since 1994. The new HIT facility uses the active beam shaping method with raster scanning and variable energy. The difference is beam quality and biological response because the amount of material in the beam path leads to a difference of fragmentation pattern. Another difference arises from the sensitivity of the beam to the target volume position.
27) The clinical application of present scanning method is limited to stationary targets such as in the head and neck region. There is no clinical experience to respiratory moving targets such as lung and liver cancer. On the other hand, the broad beam method with respiratory gating 28) is routinely used for targets in the abdominal region. One third of the clinical experiences of HIMAC concerns targets in that region. Researches on the scanning method for respiratory moving targets are going to be conducted at HIT/GSI and HIMAC. The HIT approach is to track the moving target with radiation. 29) The HIMAC approach is to use fast scan with respiratory gating. 30) Both centers had good experimental results on dose distributions to the moving phantom. To realize it clinically, the robustness of dose distribution against the uncertainty of motion reproducibility would be crucial. It is important to predict and/or reduce the target motion in practice.
In the last decade, numerous studies of image guided radiotherapy (IGRT) have demonstrated reduced uncertainties in patient positioning. However, since it is difficult to accurately predict the temporal variation of the target location and its shape during treatment planning, such an unpredictable temporal variation of the target volume should be added to the internal margin. In addition, the distribution of biological radiation response in the target volume is likely to change during the course of fractionated therapy. The clinical experience from HIMAC is that the volume of some uterus tumors was decreased to about one tenth during fractionated irradiations. In such a case, the treatment planning is corrected after the first planning, but the number of replannings is limited by the manufacturing of compensators and collimators and takes time. One of the ideal approaches to these variations of the target would be on-demand adaptive irradiation. 31) Here the prior treatment planning would be modified at each fraction to optimize the dose distribution in the process of patient positioning. Then revised parameters for the radiation field would be calculated and set on the beam delivery system. To realize this process, a scanning beam delivery system without patient-specific collimators and compensators is necessary in order to reduce the time from treatment planning to irradiation. For clinical application at this moment, we think that the best is to use active beam shaping without patient-specific collimators and compensators.
Another topic of technical innovation in carbon ion radiotherapy is the patient handling and management in the treatment workflow. In a hospital-based facility, high working efficiency is required. As the number of patients and the clinical experiences with a wide variety of skills in heavy ion therapy is increasing, issues of patient and staff flow are better understood. So it is increasingly important to manage the treatment workflow with good schedules and related data. The schedule management includes not only the treatment schedule for patients, but also the workflow of medical staffs, availability of each room and the accelerator operation. The data management includes treatment planning data, treatment record, QA data, machine trouble data, and so on. Under the limited resource, the treatment management system (TMS) would support the work of medical staffs and operation engineers to safely perform the highprecision treatments. Such a design and development of TMS is in progress for the new facilities. 
